amplitude of the warming at the warm pool eastern edge is controlled by horizontal advection, and varies as a function of the zonal SST gradient and distance between the WWE and warm pool eastern edge. The amplitude of the eastern Pacific warming varies as a function of the background thermocline depth and local winds. Overall, only the amplitude of the WWE-driven western Pacific cooling can be clearly related to the phase of ENSO, while the WWE driven SST response in the central and eastern Pacific is more diverse and less easily related to large-scale properties. The implications of these findings for ENSO predictability are discussed.
Introduction
The El Niño Southern Oscillation (ENSO) is the dominant mode of interannual climate variability at global scale. The positive phase of ENSO is associated with anomalously warm Sea Surface Temperatures (SSTs) in the central and eastern equatorial Pacific, with planetary-scale impacts (e.g. McPhaden et al. 2006a ) through atmospheric teleconnections (Trenberth et al. 1998) . Because of its socio-economic consequences, modelling and forecasting ENSO is of crucial importance but remains a challenge (Barnston and Tippett 2012; Vecchi and Wittenberg 2010; Guilyardi et al. 2012; Capotondi et al. 2015) . The predictability of ENSO is grounded on our current understanding of its underlying mechanisms. El Niño events develop as the result of the Bjerknes feedback (Bjerknes 1966 ), a positive air-sea feedback loop where the westerly wind response to a positive SST anomaly in the central Pacific drives an Abstract Equatorial Pacific Westerly Wind Events (WWEs) impact ENSO evolution through their local and remote oceanic response. This response depends upon the WWE properties (duration, intensity, fetch…) but also on the underlying oceanic state. Oceanic simulations with an identical idealised western Pacific WWE applied every 3 months on seasonally and interannually varying oceanic conditions over the 1980-2012 period allow characterizing and understanding the modulation of the WWE response by the oceanic background state. These simulations reveal that the amplitude of the Sea Surface Temperature (SST) response, which can vary by one order of magnitude, is far more sensitive to the oceanic background conditions than the dynamical response to WWEs. The amplitude of the surface-flux driven cooling in the western Pacific is strongly modulated by zonal advection, through interannual variations in the background SST zonal gradient. The This paper is a contribution to the special collection on ENSO Diversity. The special collection aims at improving understanding of the origin, evolution, and impacts of ENSO events that differ in amplitude and spatial patterns, in both observational and modeling contexts, and in the current as well as future climate scenarios. This special collection is coordinated by Antonietta Capotondi, Eric Guilyardi, Ben Kirtman and Sang-Wook Yeh 1 3 oceanic signal that reinforces the initial warming. This positive feedback mechanism is offset by a number of negative feedbacks, such as the dynamical feedback associated with the mean atmospheric circulation and thermodynamical feedbacks associated with air-sea fluxes (see Wang and Picaut 2004 for a review). The delayed negative feedback from oceanic dynamics is essential to provide a mechanism for ENSO termination (e.g., Schopf and Suarez 1988) . In the recharge oscillator paradigm (Jin 1997) , ENSO wind anomalies generate a Sverdrup response that drives upper ocean heat content away from the equatorial strip during ENSO warm phase, favouring the transition to its negative phase. The converse mechanism then allows for the recharge of the equatorial heat content and preconditions the development of a new El Niño event. ENSO predictability largely results from this ocean subsurface memory, the equatorial Pacific heat content leading ENSO SST evolution by ~8 months (e.g. Meinen and McPhaden 2000) .
This ENSO predictability is, however, strongly hampered by high frequency wind variations, whose details are not predictable at long lead-times. A large body of literature indeed points towards an important role of intraseasonal wind variability in ENSO dynamics and predictability (Kleeman and Moore 1999; Zavala-Garay et al. 2005; McPhaden et al. 2006; Shi et al. 2009; Wang et al. 2011; Chen et al. 2015) . A large part of this high frequency forcing occurs in the form of Westerly Wind Events (WWEs), characterized as episodes of anomalous, short-lived, but strong westerlies developing over the western Pacific warm pool (e.g., Luther and Harrison 1984; Lengaigne et al. 2004a) . These WWEs promote the onset and/or development of El Niño events (Fedorov 2002; Boulanger et al. 2004 ; Lengaigne et al. 2004b ) and contribute to the irregularity of ENSO, in terms of timing (its broad spectrum ranging between 2 and 7 years; e.g., Gebbie et al. 2007; Jin et al. 2007) , magnitude (Eisenman et al. 2005; Gebbie et al. 2007 ) and spatial patterns Lian et al. 2014; Fedorov et al. 2014) .
Contrasting the tropical Pacific evolution in 2014 against that of 1997 or 2015 provides a compelling illustration of the important role of WWEs in ENSO evolution. The volume of warm water in the equatorial band was anomalously high (>1 std) in early 1997 (Mcphaden 1999) , 2014 (Mcphaden 2015) and 2015 (TAO website http:// www.pmel.noaa.gov/tao/), with a warm pool anomalously shifted east. Despite such similar oceanic conditions, and the occurrence of WWEs during the first 3 months of the year, these 3 years experienced a very different subsequent evolution, with one of the largest El Niños on record in 1998 (McPhaden 1999) , a strong El Niño in late 2015, but only a weak event in late 2014 (McPhaden 2015) , if one at all. Using ocean-only simulations, Menkes et al. (2014) showed that the lack of WWEs during the boreal spring and early summer of 2014 significantly limited the growth of the warming in the equatorial Pacific, and prevented the warm event from further developing into a full El Niño. In contrast, the occurrence of several WWEs during the spring and summer of 1997 led to a major El Niño at the end of the year. A similar scenario has unrolled in 2015, leading to the strongest El Niño event since 1997. The comparison of these 3 years therefore points towards a critical role of WWEs activity for the growth of an El Niño.
WWEs impact ENSO evolution through their substantial local and remote oceanic response, which has been analysed in many observational Taft 1988, 1992; Delcroix et al. 1993; Smyth et al. 1996; Feng et al. 1998; Vecchi and Harisson 2000) and modelling studies (Giese and Harrison 1991; Kindle and Phoebus 1995; Zhang and Rothstein 1998; Richardson et al. 1999; Boulanger et al. 2001; Lengaigne et al. 2002; Fedorov 2002; Drushka et al. 2015) . WWEs force eastward-propagating downwelling Kelvin waves that favour a warming of the central and eastern Pacific through zonal advection in the central Pacific and/or thermocline deepening in the eastern Pacific, as illustrated on Fig. 1a , b for the onset of the 1997 El Niño event. The local oceanic response to WWEs involves a surface cooling through increased cloudiness and latent heat loss (Feng et al. 1998; Lengaigne et al. 2002) and the generation of an eastward surface jet (Belamari et al. 2003) , which eventually combines with the eastward current signature of the remotely forced Kelvin wave to advect the western warm-pool warm towards the central Pacific (e.g. Boulanger et al. 2001; Lengaigne et al. 2002; Chiodi et al. 2014, Fig. 1a, b) .
The Warm Pool Eastern Edge is an important region for ENSO development (e.g. Picaut et al. 2002) . Small SST variations there can trigger a large atmospheric response (e.g., Palmer and Mansfield 1984; Barsugli and Sardeshmukh 2002) because the SST is close to the atmospheric convective threshold (e.g. Graham and Barnett 1987) . WWEs drive a local cooling and an eastward displacement of the Warm Pool Eastern Edge (hereafter WPEE; see Fig. 1a ) that indeed favour the eastward migration of deep atmospheric convection and a strong WWE activity over the western Pacific in the following months (Lengaigne et al. 2003a; Vecchi et al. 2006 ). This eastward displacement of the warm-pool also results in a weakening of the trade winds in the central-eastern Pacific (Lengaigne et al. 2003a, b) . The trade wind weakening and the occurrence of further WWEs are hence positive atmospheric feedbacks to the initial SST response to a WWE, which will amplify the initial warming.
The SST response to WWEs is very diverse in terms of magnitude, timing and location. A large part of this diversity of course arises from the diversity of WWE characteristics such as location, intensity, fetch or duration of the WWE Harrison 1990, 1991; Suzuki and Takeuchi 2000; Puy et al. 2016) . But oceanic background conditions can also influence the response to the WWE (Schopf and Harrison 1983; Harrison and Schopf 1984; Vecchi and Harrison 2000) . Several studies have for example demonstrated the sensitivity of Kelvin wave characteristics, such as zonal current anomalies or phase speed, to the mean oceanic background conditions (Gill 1982; Busalacchi and Cane 1988; Giese and Harrison 1990; Benestad et al. 2002; Shinoda et al. 2008; Dewitte et al. 2008; Mosquera-Vasquez et al. 2014) . Benestad et al. (2002) have shown that Kelvin waves excited by identical intraseasonal wind variations are strongly damped during La Niña compared to El Niño, such that little wave energy reaches the eastern coast when the mean conditions are cold. On the other hand, Shinoda et al. (2008) argued that the slowly Fig. 1 Time-longitude section of the 2°N-2°S average (1st column) SST and (2nd column) sea level intraseasonal (5-120 dayfiltered) anomalies from December 1996 to August 1997 for a, b observations, c, d the "BLK" experiment and e, f the difference between the "WWE" and "CTL" experiments. On all panels, the black line represents the WPEE (define as the 28.5 °C isotherm) and the red circles, the WWEs (their size being proportional to their WEI). On e, f the WWE correspond to the idealized WWE added in March 1997. On a, b the dotted black box indicates the spatiotemporal domain over which the SLA and SST response shown on Fig. 3 varying upper ocean basic state was not the primary cause of changes in Kelvin wave phase speed but rather the wind stress anomalies east of the dateline. Overall, these studies show that the Kelvin waves characteristics are sensitive to the oceanic background state. The diversity of Kelvin waves characteristics is only one of the processes by which the oceanic state can modulate the SST response to a WWE. Only a handful of studies have however focused on the sensitivity of the WWE-induced SST response to different oceanic background conditions. Schopf and Harrison (1983) studied the oceanic response associated with the passage of downwelling Kelvin waves, using forced oceanic experiments. They found that the amplitude of the SST response to the Kelvin wave strongly depends on the oceanic conditions. The equatorial SST warming caused by the passage of the wave results from the existence of a mean negative zonal SST gradient that varies seasonally. Harrison and Schopf (1984) further argued that remotely-forced central Pacific SST changes were strongly linked to the annual variations of the SST field. They showed that similar anomalous eastward current anomalies had different SST impacts depending on the seasonal variations of the mean zonal SST gradient, with a strong impact in fall and winter when the zonal gradient is strong and a weaker impact in spring and summer. Finally, Vecchi and Harrison (2000) investigated the observed SST response to WWEs for different ENSO phases. They showed that WWEs occurring during neutral conditions drive a substantial equatorial waveguide warming in the central and eastern Pacific (up to 1 °C composite warming). WWEs occurring during El Niño conditions were rather associated with the maintenance of the central and eastern Pacific warming, while these warm conditions tend to disappear in the absence of WWEs.
These studies hence suggest a strong influence of the oceanic background conditions on the ocean response to WWEs that could partly explain the diversity of the tropical Pacific response to WWEs observed during the past two decades. It is however difficult to isolate this modulation of the SST response by the ocean state in observations or even in ocean-only experiments forced by observations (Drushka et al. 2015) as the amplitude of the SST response will depend both on the WWE characteristics and the oceanic background conditions. Owing to the importance of the SST response to WWEs in the equatorial Pacific on the coupled system and more particularly on ENSO, it is important to assess the sensitivity of the WWE oceanic response to the oceanic background state and associated physical mechanisms. Our aim is here to isolate the diversity in WWE SST response associated with the oceanic background state from that associated with the diverse WWE characteristics. To that end, we use a modelling strategy in which we apply the same strong WWE (in essence similar to the March 1997 WWE) over a realistic seasonally and interannually-varying oceanic state. The model and experimental setup are presented and briefly validated in Sect. 2. In Sect. 3, we first investigate the mechanisms that control the mean SST response in the western Pacific, at the WPEE and in the eastern Pacific. We then investigate the diversity in SST response arising from variations of the oceanic background state, along with the associated physical mechanisms and controlling oceanic variables for the same three regions. A discussion of our findings and their potential implications for ENSO predictability is finally provided in Sect. 4.
Data and methods

Model setup and forcing strategy
The numerical simulations in this study are performed using NEMO v3.2 ("Nucleus for European Modelling of the Ocean") Ocean General Circulation Model, in a 1° resolution global ocean configuration known as ORCA1 (Hewitt et al. 2011 ). ORCA1 has a 1° nominal resolution, with a local transformation in the tropics to refine the meridional resolution to 1/3° at the equator. It has 42 vertical levels, with a vertical resolution decreasing from 10 m at the surface, to 25 m at 100 m depth and 300 m at 5000 m. The model is based on primitive equations, and uses a free surface formulation (Roullet and Madec 2000) . Density is computed from potential temperature, salinity and pressure using the Jackett and McDougall (1995) equation of state. Vertical mixing is parameterized from a turbulence closure scheme based on a prognostic vertical turbulent kinetic equation, which performs well in the tropics (e.g., Blanke and Delecluse 1993; Vialard et al. 2001 ). Lateral mixing is applied using a Laplacian operator that acts along isopycnal surfaces, with a 200 m 2 s −1 constant isopycnal diffusivity coefficient Lengaigne et al. 2003b) . Shortwave fluxes penetrate into the ocean based on a single exponential profile corresponding to oligotrophic water (Paulson and Simpson 1977) with an attenuation depth of 23 m (Lengaigne et al. 2007) .
The model computes its surface fluxes from specified downward shortwave and longwave radiation, precipitation, 10-m wind, 2-m air humidity and temperature, using the COAREv2 bulk formula approach (Fairall et al. 1996) . Those atmospheric input variables are taken from the DRAKKAR Forcing Set v5.2 (DFS5.2, Dussin and Barnier 2013), derived from ERA 40 (Uppala et al. 2005 ) until 2002 and ERA-Interim reanalysis (Dee et al. 2011 ) afterward. All atmospheric fields are corrected to avoid temporal discontinuities and remove known biases. The model is run over the 1979-2012 period and the first year of the experiment is discarded to allow a spin up (which takes a few months in the equatorial band). This experiment is hereafter referred to as the BLK experiment (for "Bulk" formula).
The model accurately simulates the equatorial SST mean state and seasonal cycle (not shown). This model and forcing strategy has already been shown to capture the bulk of SST variations in the tropical Pacific (see Drushka et al. 2015 ). An illustration of the equatorial Pacific SST variability is provided on Fig. 2a , which displays the equatorial time-longitude evolution of the TropFlux SST daily data (Praveen Kumar et al. 2012 Kumar et al. , 2013 , http://www.incois.gov. in/tropflux/). Since the WPEE (defined here as the 28.5 °C isotherm) is an important feature for ENSO development, the WPEE simulated by the BLK experiment is overlaid on the top of the observed one (blue and black curves on Fig. 2a) . At interannual timescales, the model accurately captures both the observed SST variability (red curve in Fig. 2b ) over the entire equatorial strip (correlation ranging between 0.8 in the western Pacific to 0.95 in the central/ western Pacific) and the WPEE variability (correlation of 0.96).
We further provide some validation of the model ability to reproduce the observed response to WWEs. Because of their episodic nature (10-20 days), the observed response to WWEs predominantly occurs at intraseasonal timescales. We hence assess the ability of the BLK simulation to reproduce intraseasonal (5-120 days filtered) anomalies below. Figure 1 shows the 2°N-2°S average of those SST and sea-level anomalies during the onset phase of the 1997 El Niño in observations (Fig. 1a, b ) and the BLK simulation (Fig. 1c, d ). WWEs were detected using the method of Puy et al. (2016) and are indicated by red circles on this Figure. The centre of the red circles corresponds to the WWEs central dates and longitudes, while their radiuses are proportional to the Wind Event Index (WEI), also introduced in Puy et al. (2016) . In essence, this index corresponds to a longitude-time integration of the zonal wind stress anomalies over the wind event patch. The index is then normalized by standard deviation, computed over all the detected WWEs, in order to obtain a dimensionless index. This index integrates the wind event amplitude, duration and zonal fetch, and is a good measure of the amplitude of the Kelvin wave forced by the WWE (Puy et al. 2016 and later in the current paper). The major WWEs in December 1996 , March 1997 and June 1997 (e.g. McPhaden 1999 ) were all detected with our approach (Fig. 1a-d) . These WWEs are all clearly related to an eastward propagating downwelling Kelvin wave signal in satellite altimetry data (Fig. 1b) . In contrast, the SST response is far more diverse: an intraseasonal SST warming at the WPEE follows the March WWE, but there is no substantial SST response in this (Fig. 1a) . In addition, the December 1996 and March 1997 WWEs are not followed by any clear intraseasonal warming along the Kelvin wave path (rather a cooling signal), while such a warming is apparent for the June 1997 event (Fig. 1a) in better agreement with the central/eastern equatorial Pacific composite observed warming depicted by Vecchi and Harrison (2000) . The most consistent SST signature amongst these three WWEs is the SST cooling under and to the west of these WWEs. This diversity is likely to arise from the fact that the intraseasonal filtering here does not capture only the response to WWEs, but also to other intraseasonal fluctuations of the air-sea fluxes. Figure 1c , d reveals that the model captures the intraseasonal sea-level and SST signature during this period very accurately when compared to observations ("Validation_WWE-BLK_simulation" a, d). The model is thus able to reproduce the observed response to intraseasonal fluctuations in air-sea fluxes in the equatorial Pacific, including those associated with WWEs.
As pointed out earlier, Fig. 1a , b suggests a more consistent observed response of sea-level than of SST to WWEs. Figure 3a , b illustrates the statistical relationship between the WWE properties (the Wind Event Index, or WEI) and their oceanic response over the entire observational period. The WWE sea-level signature is estimated from the Fig. 3a) to the WEI. A similar analysis is provided on Fig. 3b but for the SST response. This SST response is estimated as the average in a space-time domain (shown on Fig. 1a ) that is shifted 10 days later relative to that used for sea level, in order to account for the lagged response of SST to the Kelvin-wave induced zonal current and thermocline depth anomalies (results are insensitive to using a 0-20 day lag). In contrast to sea level, and as already suggested by the case study of Fig. 1 , the SST response to the wind event cannot easily be related to the wind event characteristics (r = 0.16 Fig. 3b ). The BLK simulation also exhibits a similar behaviour as shown on Fig. 3c , d: the modelled sea level anomaly along the Kelvin wave path is of the same magnitude as in the observation and is also linearly related to the WWEs characteristics (r = 0.74, Fig. 3c ) while the SST anomalies are poorly related to the WEI (r = 0.31, Fig. 3d ). This is an indication that the SST response to the wind event cannot simply be related to the wind event characteristics and that the oceanic conditions have to be taken into account, as discussed in the introduction.
Idealized WWE forcing
As our goal is to assess the sensitivity of the WWE response to varying oceanic background conditions, we choose to analyse the ocean model response to the same WWE applied over a varying oceanic background state. Below, we explain how we constructed this idealized WWE forcing, based on observed WWE air-sea flux anomalies.
WWEs momentum and heat flux signatures are derived from the Tropflux air-sea flux product that shows one of the best agreements with TAO-mooring data (Praveen Kumar et al. 2012 Kumar et al. , 2013 . TropFlux equatorial zonal wind stresses in particular exhibit the best phase agreement with TAO mooring data at intraseasonal timescales over the western and central Pacific (above 0.95 correlation) and reproduce the WWE wind stress signature that played a key role in the 1997-1998 El Niño onset best (Praveen Kumar et al. 2012) . Regarding heat flux, Tropflux also performs best, with a similar amplitude and a ~0.85 correlation with TAO moorings data over the Pacific warm pool (Praveen Kumar et al. 2013 ). This product still exhibits a ~25 W m −2 rmsdifference with TAO mooring data in this region, a value that can hence be considered as the typical heat flux error associated with the WWEs signature.
We built an idealized WWE forcing from the 10% strongest WWEs as measured by their WEI (corresponding to 20 WWEs over the period). Figure 4a , e show the equatorial time-longitude evolution of the zonal wind stress and net heat flux anomalies of this WWE composite. This composite exhibits westerly wind stress anomalies of up to 0.1 N m −2 lasting for more than 10 days with a typical zonal extension of ~30° and oceanic heat losses of up to −90 W m −2 with a similar contribution from the solar and nonsolar (mainly latent heat fluxes) components (not shown). The amplitude of this heat flux signature is within the range of the one depicted by measurements under WWE conditions monitored during the COARE period (~100 W m −2 ; e.g. Smyth et al. 1996; Cronin and McPhaden 1997) ). We will discuss the consequences of this diversity in Sect. 4.
Based on the composite for strong WWEs, we build an idealized WWE surface momentum and heat flux perturbation ( Fig. 4d, h ). We choose a temporal and spatial Gaussian shape for both the zonal wind stress and net heat flux as follows:
) represent the maximum magnitude of the zonal wind stress and net heat flux during the events, and σ t , σ x and σ y are respectively the time (10 days), zonal (10°) and meridional (4°) scales of the WWE. With such values, the WEI of this idealized WWE is 3.0, close to the WEI of the March 1997 and December 1996 WWEs (3.4 and 3.2, respectively) and the idealized heat flux anomalies are consistent with those monitored for some of the largest observed WWEs.
The idealized WWE is added in the western Pacific, between 140 and 150°E, in a region where WWEs are frequently observed (50% of observed WWEs; Puy et al. 2016) and where the two strong events discussed above occurred. As suggested by Tropflux data, the heat flux
signature is split equally onto the solar and non-solar heat flux components when applied in the ocean model.
Sensitivity experiments design
We want to apply the idealized WWE forcing described above at different periods in the reference simulation, which exhibits seasonally and interannually varying oceanic background conditions close to that of observations (Fig. 2 ). There are, however, two potential issues in doing so. First, although there is no explicit relaxation to observed SST in the BLK experiment where fluxes are computed using bulk formulae, the specification of the air temperature and humidity implies an implicit restoring term, which will tend to damp the SST response to WWEs (Drushka et al. 2015) . Second, the BLK experiment already contains high frequency variability (and in particular WWEs) and adding an idealized WWE on top of a pre-existing WWE may blur the analysis. In order to circumvent these two issues, we perform an additional control experiment (referred to as CTL experiment in the following) forced by intraseasonally filtered (using a triangle low-pass filter with a cut-off period of 90 days) heat, momentum and freshwater flux forcing from the BLK experiment. Only a modest SST relaxation to the BLK climatology (180 days timescale for a 40 m-thick mixed layer) is used in the CTL simulation to avoid any potential drift. This CTL experiment displays a very similar WPEE displacement compared to that of the BLK experiment ( Fig. 2a ; ~0.96 correlation) and very similar interannual equatorial SST evolution (Fig. 2b) , except west of 160°E. In the western Pacific, the interannual SST variations are small (STD = 0.29 °C) compared to the rest of the equatorial Pacific (STD = 1.15 °C), hence small differences between the observation and the model lead to a stronger signal to noise ratio that degrade the correlation. The idealized WWE forcing described in Sect. 2.2 is then added to the CTL atmospheric forcing every 5th of March, June, September and December of each calendar year over the 1980-2011 period (i.e., 124 WWEs in total). This strategy allows sampling very contrasted but realistic oceanic background conditions at seasonal and interannual timescales (the entire range of ENSO conditions are thus sampled). We first verify if the applied WWEs in our experiment are consistent with the observed distribution of WWEs occurring in the western Pacific. To that end, Fig. 5a , b compares the observed western Pacific WPEE distribution and Niño3 SST anomaly for all western Pacific WWEs (119 events detected over the period to that associated with the 124 regularly-spaced WWEs in our idealized experiment. Figure 5a clearly shows that the two distributions are similar, except for four idealized WWEs that were applied in the western Pacific during mature phases of extreme El Niño (December 1982 , March and June 1983 and December 1998 , when the warm pool stands March 1997 WWE, (3rd column) the December WWE and (4th column) the idealized WWE applied in our "WWE" sensitivity experiments further east of 130°W), a feature that is not observed. Figure 5b further shows that the distribution of the idealized WWEs regarding ENSO phases is quite realistic, with the majority of the events occurring during neutral ENSO state [55% comparing to 61% in the observation, when the SST anomaly in the Niño3 region ranges between the interval (−0.75; 0.75 °C)]. Also, 24% occurs during La Niña (compared to 20% in the observation when the SST anomalies in the Niño3 region are colder than −0.75 °C) and 21% during El Niño conditions (compared to 19% in the observation when the SST anomalies in the Niño3 region are warmer than 0.75 °C). The four unrealistic WWEs (based on the WPEE location, Fig. 5a ) are also highlighted on Fig. 5b and correspond to events occurring when the Niño3 SST anomaly are larger than 3.5 °C. These unrealistic WWEs have hence been excluded from all the diagnostics of the present study, which are based on the remaining 120 WWEs (this removal does not however change the main conclusions of the present study).
Adding these successive WWEs over the course of a single simulation would result in a cumulative WWE response and hence a mean state change, which would prevent isolating the effect of a single WWE from the cumulated impact of the previous ones. For each WWE, we therefore perform a 1-year long simulation starting from the CTL initial state 1 month before the WWE is applied. This strategy results in 120 (4 times 31 years minus the four unrealistic events) 1-year long simulations that can directly be compared to the CTL simulation to assess the oceanic response to WWEs under the varying oceanic background conditions over the 1980-2011 period. The oceanic response to a given WWE is simply computed by performing the difference between these "WWE" experiments and the CTL simulation. In order to illustrate this approach, Fig. 1d , f illustrates the diagnosed SST and sea level response to the March 1997 WWE. In qualitative agreement with observations and BLK simulation, this WWE is associated with a clear eastward propagating Kelvin wave signal (Fig. 1f) , a cooling below the WWE and warming along the WPEE (Fig. 1e) during the 2 months following the event. The amplitudes of the signals are however different because the idealized WWE is characterized by a WEI slightly weaker than the one of March 1997 WWE (3 compared to 3.4) and much larger negative heat flux anomalies (−180 W m −2 compared to −50 W m −2 ). However, our idealized setup reveals a clear warming along the Kelvin wave path in the central and eastern Pacific, which is not obvious in either observations or the BLK simulation intraseasonal anomalies, which mix the WWE response to that of any other source of intraseasonal forcing. This example hence clearly illustrates the added value of conducting this idealized setup to clearly isolate the oceanic response to WWE forcing.
The mean composite and the diversity of the WWE response are then computed as the mean and the standard deviation of the difference between the runs with the WWE minus the CTL simulation, for the 120 idealized WWEs. For the sake of brevity, we will refer to this collection of simulations as "the" WWE simulation. Using an identical idealized WWE forcing superimposed onto seasonal and interannual varying oceanic background conditions allows exploring the sensitivity of the WWE oceanic response to the seasonal cycle and ENSO conditions. 
Heat budget
The processes that control the SST response to WWEs are characterized using an online mixed layer heat budget calculation. The budget equation for the average temperature over the time varying mixed layer T (a proxy for the SST) reads as follows (e.g., Vialard et al. 2001): where h is the time-varying model mixed layer depth estimated based on a potential density increase of 0.01 kg m −2 relative to the surface, Qs and Q* are respectively the solar and non-solar components of the surface heat flux, f |−h the fraction of incoming solar radiation that penetrates below the mixed layer, ρ the seawater density, and C p the sea water volumic heat capacity. The term "For" represents the heating rate of the mixed layer associated with the effect of air-sea fluxes (that will be referred to as "atmospheric forcing" in the following, for the sake of simplicity). (u, v, w) are the components of the current and the term "Had" hence represents the horizontal (zonal and meridional) temperature advection in the mixed layer. κ is the vertical tracer mixing coefficient, so κ∂z T|−h represents turbulent mixing at the bottom of the mixed layer, w|−h (T |−h − T) represents the effect of upwelling and dh/dt (T|−h−T) .h −1 is the entrainment of deeper water into the mixed layer, which is computed as the budget residual. The term "Ver" hence represents the exchanges between the mixed layer and the interior ocean (upwelling and turbulent processes) and is referred to as "vertical processes" in the following. The term "Ldf" is the lateral mixing and is always negligible in the present analysis.
Modulation of the WWE response by the background oceanic state
In this section, we first present an overview of the average oceanic response to WWEs applied in the sensitivity experiment and of the spread due to the varying oceanic background conditions (Sect. 3.1). We then investigate the mechanisms of the mean response and of its diversity in more details in the western Pacific (Sect. 3.2), near the warm pool eastern edge (Sect. 3.3) and in the eastern Pacific (Sect. 3.4). Figure 6a -c displays the equatorial longitude-time evolution of the composite oceanic response averaged over the 120 WWEs applied in the sensitivity experiment. The response is consistent with previous literature (see Lengaigne et al. 2004a , b for a review) in terms of SST (Fig. 6a, cf. Smyth et al. 1996; Cronin and McPhaden 1998; Lengaigne et al. 2003a, b) , surface currents (Fig. 6b) and thermocline depth (Fig. 6c , cf. Boulanger and Menkes 1999; McPhaden 2002) .
Overview of the mean response to a WWE
Under the WWE forcing, the western Pacific is characterized by a cooling of up to −1 °C 15 days after the WWE occurrence (Fig. 6a) , a strong eastward surface jet exceeding 0.8 m s −1 locally (Fig. 6b) , and a westward-propagating negative thermocline depth anomaly (taken here as the 20 °C isotherm depth and referred to D20 in the following) signal consistent with an upwelling Rossby wave signal (Fig. 6c) . Further east, the WWE drives a downwelling Kelvin wave response, associated with a 16 m deepening of the D20 and a 0.2 m s −1 anomalous eastward current along its path (Fig. 6b, c) . This Kelvin wave signal propagates eastward from the WWE forcing region at an average phase speed of 2.8 m s −1 . This downwelling Kelvin wave is also associated with a warming near the dateline, corresponding to a WPEE eastward displacement, and with a warming along the Kelvin wave path. This warming is intensified in the eastern Pacific, where the mean thermocline is shallower, and reaches 1 °C 2 months after the WWE. Figure 6d -f further provides a measure of the spread around this mean ocean response to the WWE, measured from the standard deviation of the 120 WWE responses comprising the composites on Fig. 6a-c . The applied idealized WWE being identical over the course of the WWE experiment, the spread in the oceanic response can be directly attributed to the modulation by background oceanic conditions. This spread is rather weak in terms of zonal current (standard deviation of ~ 0.1 m s −1 under the WWE) and thermocline depth (standard deviation ranging from 2 m along the Kelvin wave path to 6 m in the eastern Pacific) response (Fig. 6e, f) , representing a ~20% deviation of the mean response (Fig. 6b, c) . This modest sensitivity is in agreement with the fact that the WWE intensity correlates well with the observed sea level response (cf. Fig. 3a) and that the linear equatorial wave theory applies well to the sea level response to wind anomalies in the equatorial Pacific. In the Sect. 4.2 section, we will show that this modest modulation of the Kelvin wave characteristics by the background oceanic state agrees with previous studies (e.g. Benestad et al. 2002) . The SST response to the WWE is far more sensitive to the oceanic background conditions than its dynamical response, with a spread of the same order of magnitude as the mean response ( Fig. 6d versus a) , especially at the WPEE and in the eastern Pacific. The SST response to the WWE is now detailed in three regions of interest: below the WWE in the western Pacific (130°E: 160°E, Sect. 3.2), in a moving 10° wide box centered on the WPEE (Sect. 3.3) and in the eastern Pacific (120°W: 90°W, Sect. 3.4).
The western Pacific region
Small SST perturbations over the warm pool region can have a strong impact on deep atmospheric convection and hence induce a large atmospheric response (e.g., Palmer and Mansfield 1984; Barsugli and Sardeshmukh 2002) . It is thus crucial to understand the mechanisms that control the amplitude of the SST response there. We first investigate the mechanisms responsible for the mean WWE-induced cooling in the western Pacific and then explore how background oceanic conditions modulate this mean cooling. Figure 7 shows the composite of time-cumulated mixed layer temperature budget for the averaged response to WWEs in the western Pacific. These budget terms have ]. (2nd row) Sensitivity of the d SST, e zonal current and f D20 response to the variability in oceanic background conditions, measured from the standard deviation of the 120 WWEinduced simulated response. Red contours on panel a represent the three boxes (West, WPEE for Warm Pool Eastern Edge, and East) that we use in the following figures. The WPEE box is centered on the longitude of the Warm Pool Eastern Edge (i.e., it is a moving box centered on the 28.5 °C isotherm). The dashed (dotted) lines indicate the theoretical 1st baroclinic Kelvin (1st meridional mode Rossby) waves phase speed been integrated in time starting from the WWE occurrence and the red curve hence corresponds to the total WWE-induced cooling in this region. The SST cools down quickly, reaching −0.7 °C at the end of the WWE forcing and then warms up more gradually (red curve in Fig. 7a ). This quick cooling is largely dominated by the atmospheric forcing term and slightly damped by vertical processes (presumably because the surface cooling reduces the vertical gradient at the base of the mixed layer). The atmospheric heating term is negative during the first month, around the WWE central date, due to the negative surface heat fluxes imposed together with the wind pattern (−60 W m −2 on average over the western Pacific box) and damped by the WWE-driven mixed layer deepening from 20 m in the reference experiment to 40 m on average in the WWE experiment (not shown). The subsequent gradual decay of the cold anomaly is driven by atmospheric forcing, due to the weak relaxation to climatology applied in the simulation, and by the mean horizontal advection that progressively acts to "refill" the WWE-induced cold patch with adjacent warmer western Pacific waters.
The WWE-induced average cooling in the western Pacific is hence mostly driven by the direct effect of the WWE-induced heat fluxes. Whiskers on Fig. 7b illustrate the spread of the various mechanisms driving this mean SST response (i.e., the 5th and 95th percentiles associated with each term). They show that the amplitude of this cooling exhibits considerable fluctuations around its average value depending on background oceanic conditions, ranging from −0.1 to −1.2 °C, hence resulting in an order of magnitude difference between the strongest and weakest cooling. While horizontal advection does not contribute to the mean cooling, it also exhibits strong variations due to changes in oceanic background state (from −0.4 °C to 0.7 °C), as do vertical processes and atmospheric forcing (see whiskers on Fig. 7b ). Figure 8 allows identifying which of these three processes mainly controls the diversity in the SST response, by providing scatterplots between the WWE SST response and cumulated horizontal advection (Fig. 7a ) and atmospheric forcing (Fig. 7b) . The vertical processes (not shown) contribute in a negligible way to both the mean and the diversity of the SST response. While horizontal advection does not contribute to the mean cooling (Fig. 7b , dashed vertical line on Fig. 8a ), it controls most of its variations, with a 0.83 correlation (Fig. 8a) and 0.8 regression coefficient to the total SST anomaly (Table 1 ). In contrast, while the atmospheric forcing term drives the mean cooling (mean value close to −0.8 °C, dashed vertical line on Fig. 8b) , it does not contribute to its diversity (0.11 correlation and −0.09 regression coefficient to WWE-driven SST anomalies, Fig. 8b ; Table 1 ). This large spread of the atmospheric forcing term can largely be attributed to variability in the background mixed layer depth just before the WWE (not shown). It doesn't affect the SST variability because there tends to be a cancelation between the mixed layer heating due to air-sea fluxes and Fig. 7 Time-cumulated mixed layer heat budget terms associated with the SST composite response to the WWEs in the western Pacific region: a Composite time series and b composite decomposition of the WWE SST response into various physical processes at the time of the peak SST anomaly. This composite is based on the WWE minus CTL experiments for 120 idealized WWEs (see text for details). The whiskers on b indicate the 5th and 95th percentiles of the 120 WWE-induced simulated response from which the composite response is constructed. The grey shading on a indicates the period over which the Time-cumulated mixed layer heat budget terms shown on b were computed. The mixed layer temperature anomaly is refered as "TML". "Had" stands for the horizontal advection anomaly, "Ldf" represents the lateral mixing anomaly, "Ver" the vertical processes anomaly and "For", the heating rate anomaly associated with the effect of air-sea fluxes. All the anomalies were computed as the difference between the "WWE" and "CTL" experiments the exchange between the mixed layer and the underlying ocean. This cancellation is due to the fact that a larger negative heat flux creates a stronger vertical thermal stratification that will enhance cooling by vertical turbulent fluxes.
To further isolate which component of the anomalous horizontal advection term is responsible for the diversity of the SST response to WWEs, we decompose the zonal advection term into its background (i.e. the value in the CTL run, where no WWE is applied, noted X ) and WWE response (the WWE minus CTL difference noted X') components. We focus on zonal advection since the meridional advection contributes weakly to the total horizontal x . This results in a correlation of −0.7 between the WWE-induced maximum cooling T' and background SST gradient in the western Pacific. A negative background SST gradient (warmer water to the west) will indeed result in a warming of the western Pacific
box through horizontal advection of the WWE-induced zonal current, hence attenuating the effects of the WWEinduced negative heat fluxes. The western Pacific background SST gradient is dominated by interannual variations: the regression coefficient of the interannual component to the total SST gradient reaches 0.77 and the standard deviation of the interannual SST gradient is twice larger than that of the seasonal cycle. The diversity of the WWE-induced western Pacific SST cooling hence only exhibits small seasonal variations (coloured crosses in Fig. 8a-b) with a maximum 0.3 °C variation between June and September, while the total cooling diversity ranges between −0.1 and −1.2 °C. The western Pacific background SST gradient is strongly correlated with the Niño4 ENSO index (0.87, Fig. 9 ). One thus expects a strong control of the western Pacific WWE-induced SST response by ENSO. Figure 8c displays a similar scatterplot to Fig. 8a (horizontal advection contribution against the WWE-induced SST cooling in the western Pacific), colour-coded with the synchronous Niño 3.4 interannual SST anomaly. La Niña conditions (Niño 3.4 index <−0.5 °C) yield a weak WWE-induced cooling (−0.4 °C on average), because warmest water during La Niña are confined to very western Pacific and Indonesian region, resulting in a negative zonal SST gradient below the WWE thus inducing a warming contribution from horizontal advection (0.25 °C on average). During El Niño conditions, the warmest waters are shifted eastward into the central Pacific, resulting in a positive zonal SST gradient below the WWE and thus a cooling contribution from horizontal advection that strengthens the surface-flux induced SST cooling, with a twice as large cooling (−0.8 °C on average). The implications of this ENSO control on the WWE-driven western Pacific SST response will be discussed in Sect. 4. In this section, we have shown that the WWEs locally cool the western Pacific through the heat losses they induce at the air-sea interface. The amplitude of this mean response can however vary by one order of magnitude under the effect of the advection of the background zonal SST gradient by the WWE-induced current anomalies. A positive SST gradient (warmer water to the west, typical of La Niña conditions) will be associated with a warming by the WWE-induced transport that will limit the overall cooling (with the potential to fully offset it in presence of a strongly positive SST gradient). As a result, the amplitude of the WWE-induced cooling is correlated at 0.7 with the background SST gradient.
The WPEE region
The Warm Pool Eastern Edge is also an important region for ENSO development (e.g. Picaut et al. 2001) . As for the western Pacific, we first investigate the mechanisms responsible for the mean WWE-induced warming at the WPEE and then explore how background oceanic conditions modulate this mean warming. Note that similar results are obtained if the fixed Niño four region is considered, although with a weaker amplitude SST response, since the maximum SST response to WWE is almost always close to the WPEE. Figure 10 shows the same analysis as Fig. 7 , but for a region centred on the longitudinally-moving WPEE. The WPEE region starts warming 5-15 days after the WWE occurrence (Fig. 10a) , consistent with the time it takes for the Kelvin wave signal to propagate there (see Fig. 6b, c) . The warming increases to a maximum of 0.7 °C 1 month after the WWE, and then slowly decays back to zero over the next 2 months. The warming and cooling phases are both dominated by the horizontal advection (Fig. 10a) . The atmospheric forcing tends to cool the ocean surface (Fig. 10a) , initially through the WWE-induced negative heat fluxes and later through the restoring term (not shown). The vertical processes tend to balance the negative contribution of the atmospheric forcing (Fig. 10a) , as a result of the stratification increase in response to the mixed layer warming (not shown).
Whiskers on Fig. 10b illustrate the spread of the various mechanisms driving this mean SST response (i.e., the 5th and 95th percentiles associated with each term). As in the western Pacific, the varying background oceanic conditions drive a WWE SST response that ranges from 0.2 to 1.6 °C, i.e., an order of magnitude difference between the strongest and weakest warming. All the contributing processes exhibit a strong variability, except lateral diffusion (Fig. 10b) . Variations in the WWE SST response are strongly driven by zonal advection (correlation of 0.92 and regression of 1.11 to the SST anomaly, Fig. 11a ; Table 1 ). The atmospheric forcing terms variations are usually weaker (Fig. 11b) , except when the WWE occurs close to the WPEE (stars on Fig. 11 indicate WWEs that occur within 20° of the WPEE). For these events, the amplitude of the air-sea fluxes driven cooling is much stronger (Fig. 11b) , and contributes to limit the advective warming at the WPEE (Fig. 11a) . The contributions of the atmospheric forcing and vertical processes to the WWE-induced maximum SST cooling are however weak (respectively 0.36 and −0.09 regression coefficients, Table 1 ), confirming the major role of horizontal advection in driving the diversity of the WWE SST response at the WPEE. Owing to the dominant role of horizontal advection variations in driving the diversity in WWE SST response, we decompose this term as in Sect. 4.2. We also focus on zonal advection since the meridional advection only contributes weakly to the horizontal advection (regression coefficient of 0.84 of zonal advection onto horizontal advection). As in the western Pacific, the zonal advection is mainly driven by the advection of the background zonal SST gradient by the anomalous WWE-induced currents is correlated with both the WWE-induced current anomaly u' (0.71) and background SST gradient xT (−0.70), unlike in the western Pacific where only xT mattered. At a fixed location, the WWE response u' does not vary significantly as a function of the background oceanic state (Fig. 6e) . The WPEE is however moving and its distance to the fixed-location WWEs in our experiments varies. Figure 11c shows that the amplitude of the WWEinduced current anomaly u' at the WPEE decays roughly exponentially with the distance to the WPEE, with a typical inferred decay timescale of ~11 days (estimated as λ/ c 1 where λ is the zonal decay scale and c 1 = 2.8 m s −1 the first baroclinic Kelvin wave phase speed). As a result of this double control of advection, the correlation between u'and the WWE-induced SST anomalies (r = −0.59) and the correlation between xT and the WWE-induced SST anomalies (r = 0.41) are rather weak. The control of the WWE-induced warming by a large-scale variable such as the mean zonal temperature gradient is thus weaker at the WPEE than in the western Pacific.
The amplitude of the WWE-induced warming varies seasonally (coloured crosses on Fig. 11a, b) , being roughly twice as large for WWEs occurring in December (1.1 °C) as during other seasons. This behaviour can directly be related to the larger zonal SST gradient in that season (not shown), consistent with the findings of Harrison and Schopf (1984) . Although the seasonal control of the SST response diversity is slightly larger at the WPEE than in the western Pacific, interannual variations are still the dominant source of diversity for the zonal SST gradient (the interannual standard deviation of 0.3 °C/10° longitude is about 70% larger than the seasonal standard deviation). Although interannual variability dominates the zonal SST gradient variability, it does not exhibit any significant relationship with ENSO (no significant lead or lag correlation with the main ENSO indices; not shown). On the other hand, the WPEE position, which controls the amplitude of the WWE-induced current anomaly u' at the WPEE, is largely influenced by ENSO (r = 0.87; not shown). However, while WWE-induced SST anomalies at the WPEE are somewhat larger during La Niñas than during El Niño conditions (0.9 °C against 0.6 °C, respectively, see black crosses on Fig. 11d ), there is a large spread in both cases and this difference is not statistically significant. As a result of the double control of advection, ENSO variations are not the primary source of WWE-induced SST response diversity at the WPEE. In addition, since the location of the WWE is not predictable at long leads, the u' anomaly at the WPEE is not predictable either.
In this section, we have shown that the idealised WWEs induce a 0.8 °C average warming at the WPEE through zonal advection by the eastward current anomalies associated with the WWE-induced downwelling Kelvin wave. This advective warming can however vary by an order of magnitude mainly due to two effects. First, the intensity of the interannual SST zonal gradient at the WPEE can modulate the advective term. Second, the eastward current at the WPEE decays non-linearly with the distance between the WWE and the WPEE, itself also varying at interannual timescale. This results in a weaker warming if the WWE is far from the WPEE. The variations of the zonal SST gradient at the WPEE are also not strongly correlated with ENSO, resulting in a weaker ENSO control of the WWEinduced SST anomalies near the WPEE than in the western Pacific.
The eastern Pacific
This section finally addresses the mechanisms responsible for the warming downstream of the Kelvin wave path, in the eastern Pacific. Figure 12 shows that the SST warming starts 1 month after the WWE occurrence and reaches a 0.8 °C maximum 3 months after the event. The growth of this positive SST anomaly is consistent with the vertical terms contribution evolution, while the contributions from horizontal and atmospheric forcing terms are relatively modest. The SST anomaly in the eastern Pacific is always positive for the 120 WWEs but its amplitude can vary by an order of magnitude as in the other regions, ranging from 0.2 to 1.5 °C (Fig. 12b) . Vertical terms are largely responsible for the strong mean warming and also exhibit a strong variability, ranging from 0.2 to 2.3 °C. In the eastern Pacific, the negative contribution from the surface forcing term is due to the weak restoring to the model climatology used in our experimental setup and displays a weaker diversity (about one-third) than that of other terms. The horizontal advection term does not contribute to the mean warming but exhibits large variations, ranging from −0.6 to 0.6 °C (Fig. 12b) . This significant role of horizontal advection on the intraseasonal SST budget in the eastern Pacific was noted in several studies (Lucas et al. 2010; Halkides and Lee 2011) and could be related both to anomalous advection of background SST gradient by Kelvin Wave-induced horizontal currents and to SST variability related to Tropical Instability Wave (TIW) activity in this region (e.g. Harrison and Giese 1988; Weidman et al. 1999; Vialard et al. 2001; Menkes et al. 2006) .
Variations in the WWE SST response are strongly driven by vertical processes (correlation of 0.71 and regression of 1.23 to the SST anomaly, Fig. 13a ; Table 1 ). Variations of the horizontal advection term are usually weaker (Fig. 13b) and do not strongly contribute to the amplitude of SST warming (correlation of 0.21 and regression coefficient of 0.21, Fig. 13b ; Table 1 ), confirming the major role of vertical processes in driving the diversity of the WWE SST response in the eastern Pacific.
We now explore the control of vertical processes (upwelling, mixing and entrainment into the mixed layer) by large-scale oceanic properties. Both the thermocline position and the local wind stress are expected to influence the intensity of the vertical process changes in response to the WWE-driven thermocline depth anomalies. First, an anomalously shallow thermocline is associated with subsurface cold water close to the surface, which should favour larger vertical process variations in response to WWE-driven thermocline depth anomalies. Second, when the wind stress is strong, the mixed layer deepens close to the top thermocline, and WWEdriven variations of thermocline depth can thus have a large impact on the vertical term. In contrast, the mixed layer is more decoupled from the thermocline in calmer wind conditions, resulting in a lesser influence of WWEdriven thermocline deepening on the surface layer heat budget. This is verified in Fig. 14, which shows the vertical term variations as a function of both the local background thermocline depth and the wind stress. A bilinear model is able to fit the vertical term with a 0.7 skill, with wind variations contributing more to WWEinduced vertical processes than thermocline depth variations (VER = −0.36 D20* + 0.49 TAUM* where the star indicates unbiased variables normalized by their standard deviation). This appears in contrast to the interannual timescale, where SST anomalies are usually quite well related to thermocline depth anomalies in the eastern Pacific (e.g. Zelle et al. 2004 ), a point further discussed in Sect. 4.
While thermocline variations are largest interannually in the eastern box (standard deviation of 4.7 m/17.7 m for the seasonal/interannual components), wind stress variations are dominated by the seasonal cycle (standard deviation of 0.014/0.008 N m −2 ), with the strongest wind stress occurring in July-August, i.e., when the June WWE-induced sea level signals reaches the eastern Pacific. As a result, Fig. 13a reveals a significant seasonal modulation of the vertical mixing contribution to the WWE-induced warming in the eastern Pacific. WWEs occurring in June produce a stronger (2.2 °C on average) vertical mixing anomalies than during other seasons (~0.7 °C on average). This seasonal difference however does not cause a very large difference in terms of WWE SST response (only ~1.2 °C compared to ~0.7 °C on average during other seasons). This may be due to the strong TIW activity in August. TIWs tend to warm up the Equator, mainly through horizontal advection processes . The deepening of the thermocline associated with the passage of a Kelvin wave reduces the TIW activity, and thus induces an anomalous cooling through horizontal advection (Fig. 13b) , which limits the warm anomalies associated with vertical mixing, in agreement with Qiao and Weisberg (1995) .
In contrast to the western Pacific, and as for the WPEE, the WWE-driven SST anomalies in the eastern Pacific are not affected by ENSO with either large or weak anomalies during both El Niño and La Niña conditions (Fig. 13c) . This is probably because the background thermocline depth (which is clearly linked to ENSO with a 0.82 correlation with Niño3 SST index) is not the main parameter that controls WWE-induced SST response there. Indeed both local wind stress variations and the rectification due to Tropical Instability Waves are also key players.
In this section, we have shown that WWEs drive a mean eastern Pacific warming that reaches a maximum 3 months after the WWE. The amplitude of this SST change can vary by one order of magnitude depending on the background oceanic conditions, mainly through a modulation of the warming by vertical processes. The intensity of the WWE-driven vertical processes anomaly is primarily driven by seasonal wind stress variations and, to a lesser extent, by thermocline depth interannual anomalies. There is however no clear modulation of the SST anomalies by pre-existing large-scale properties: the WWE-driven SST anomaly in the eastern box only has a 0.24 correlation with the ENSO driven thermocline depth anomalies in that region.
Summary and discussion
Summary
Westerly Wind Events (WWEs) play a key role in ENSO 1 3 diversity and evolution. Their oceanic response is quite diverse in terms of magnitude, timing and location in both observational and modelling studies. Part of this diversity can be attributed to the WWE characteristics themselves, such as the intensity, duration and zonal fetch Harrison 1990, 1991; Suzuki and Takeuchi 2000; Puy et al. 2016) . The first result shown here is that the observed WWE dynamical oceanic response is more grounded by the WWE characteristics (correlation of 0.65 between the WEI and SLA, Fig. 3a) than the WWE SST response (correlation of 0.16 between the WEI and SSTA, Fig. 3b) . Part of the diversity in the SST response to WWEs could be partly explained to the modulation by the background oceanic state. The present study investigates this source of WWE-induced SST response diversity using dedicated experiments with an ocean general circulation model, in which an identical idealised WWE is applied in 120 1-year long-simulations, every 3 months from 1980 to 2011.
In agreement with past literature (see Lengaigne et al. 2004a , b for a review and references therein), we show that the WWE SST response is characterized by a mean cooling under the WWE 15 days after the event, a warming at the WPEE at the passage of the downwelling Kelvin wave and a warming in the eastern Pacific 2-3 months after the event. Our results however show that the amplitude of these WWE-induced SST signal can vary by one order of magnitude (typically between ~0.15 and 1.5 °C) in these three regions and depend on the pre-existing oceanic background conditions.
In the western Pacific, a mixed layer temperature budget confirms the dominant role of WWE-related heat fluxes in driving the mean cooling under the WWEs in agreement with many previous studies that highlighted the major role played by heat fluxes in generating intraseasonal SST variations in this region (Anderson et al. 1996; Cronin and McPhaden 1997; Shinoda et al. 1998; Zhang and McPhaden 2000) . However, horizontal advective processes are also shown to strongly modulate the amplitude of this cooling. This episodic role played by horizontal advection in driving the amplitude of the SST response to WWEs in the western Pacific was noted in other studies (e.g. Feng et al. 1998 Feng et al. , 2000 Dourado and Caniaux 2001; Lengaigne et al. 2002) . We find that this modulation by horizontal advection mainly operates through changes in the zonal SST gradient, as in Harrison and Schopf (1984) . In contrast to their results, which emphasized the SST gradient seasonal variations, we find a dominant role of its interannual variations: the cooling by mean atmospheric fluxes is strengthened during El Niños and weakened during La Niñas.
At the Eastern Edge of the Warm Pool (WPEE), the mean warming and its amplitude variations are both controlled by horizontal advection. The dominant role played by anomalous horizontal advection of the background SST field in driving the WWE-driven variations in the central Pacific is in line with previous work (Schopf and Harrison 1983; Harrison and Schopf 1984; Harrison and Craig 1993; Boulanger et al. 2001; Lengaigne et al. 2002) . Our results show that the intensity of the WWE-induced cooling is more weakly modulated by the ENSO phase than that in the western Pacific for two reasons. First, the WPEE location is only weakly correlated with ENSO indices and, second, the intensity of the WWE-induced current anomalies, which are non-linearly related to the distance between the WWE and WPEE, also play a central role in modulating the advection.
Finally, the mean warming and its diversity in the eastern Pacific are largely controlled by vertical processes, which drive the WWEs SST response in this region (Zhang 2001; McPhaden 2002; Halkides and Lee 2011) . Present results also show variations in the horizontal advection term, which has also been acknowledged as a potential contributor to the intraseasonal SST variability in this region (Lucas et al. 2010; Halkides and Lee 2011) . We also show that the background wind stress and thermocline depth both control the intensity of the WWE-driven vertical processes. But due to the "noise" associated with Tropical Instability Waves and their rectification effect on the SST in the eastern Pacific, the WWE-induced SST anomaly is more difficult to relate to pre-existing large-scale properties there.
Discussion
In the western Pacific, we have shown that the mean WWE heat-flux anomaly-induced cooling can strongly be modulated by zonal advection. It must be noticed that we however neglected an important factor that is likely to strongly contribute to the diversity of the amplitude of this western Pacific cooling under WWEs in our experimental framework. As illustrated on Fig. 4 ). This surface heat flux diversity will of course result in a strong diversity of the SST cooling under the WWE, which will combine with the modulation of the mean SST response by interannual changes in the zonal SST gradient.
In the eastern Pacific, we have shown that the WWEdriven effect of vertical processes on SST was driven both by background thermocline depth and local wind stress. This appears in contrast to the interannual timescale, where only thermocline variations modulate the depth of subsurface cold waters and hence the efficiency of the surface cooling though vertical mixing (e.g. Zelle et al. 2004 ). This previously documented relation explains why SST and the large thermocline depth interannual variations (−40 to 60 m) are well correlated in the eastern Pacific in observations (corr. 0.85, Fig. 15a ). Figure 15b (corr. 0.86) shows the same analysis for the model, and displays a similar behaviour, confirming the model's ability to produce the right physical balance at interannual timescales. This therefore suggests that the physics controlling the cooling by vertical processes are different at intraseasonal and interannual timescales. The role of local wind driven mixing (and horizontal advection) in driving a substantial part of the intraseasonal SST variations in the eastern Pacific shown here has also been noted by Halkides and Lee (2011) . We hypothesize that this may be the result of the mixed layer depth and wind anomalies are in closer balance at interannual than at intraseasonal timescales, but the root cause for these different behaviours has yet to be fully understood. Numerous studies explored the sensitivity of the Kelvin waves characteristics to the mean oceanic background conditions (Gill 1982; Busalacchi and Cane 1988; Giese and Harrison 1990; Benestad et al. 2002; Shinoda et al. 2008; Dewitte et al. 2008; Mosquera-Vasquez et al. 2014 ) but only a couple of studies have investigated the sensitivity of the SST response to the mean oceanic background conditions (Schopf and Harrison 1983; Harrison and Schopf 1984) . Our findings generally agree with these seminal studies, and confirm the seasonal dependence of the amplitude of the WWE-induced SST warming at the WPEE. The dedicated idealised modelling strategy devised here has further shown that the interannual oceanic background variations are the dominant source of diversity for the WWE-induced SST changes.
The impact of ENSO variations on the WWE-driven SST anomalies and Kelvin waves characteristics is summarized in Fig. 16 , which provides time-longitude composites of the SST and thermocline depth response to WWEs occurring during El Niño and La Niña conditions, as well as their differences. In agreement with Fig. 8c , the western Pacific WWE-induced SST cooling is stronger during El Niño than during La Niña, with a maximum difference of about 1 °C. This cooling also occurs over a larger longitude range (50° against 30° during La Niña conditions). Indeed, as the warm pool is constrained further westward during cold conditions, the WWE-driven eastward zonal advection of warm water will more efficiently limit the cooling by WWE-driven heat fluxes during La Niña events (Fig. 16b) .
Another significant difference between the WWE response during the two phases of ENSO consists of a stronger warming during El Niño conditions in the far eastern Pacific (Fig. 16c) . This difference is consistent with the Fig. 16 (1st row) Time-longitude section of the 2°N-2°S average composite of the SST response to the WWEs during a El Niño conditions, b La Niña conditions and c the difference between a and b. (2nd row) Same for the D20 response. We consider that a WWE occur during El Niño (La Niña) conditions when the value of our ENSO index (computed as the standardized average interannual SST anomalies in Niño3.4 region) is above 0.5 (below −0.5). Grey areas correspond to the composite values that are not significantly different from zero at the 95% confidence level. The black contour shows differences between El Niño and La Niña composites that are significantly different from zero at the 95% confidence level most efficient eastward penetration of the downwelling Kelvin waves into the far eastern Pacific during El Niño conditions, (Benestad et al. 2002 ; Fig. 16d-f) . While the Kelvin wave signal fades in the eastern Pacific during la Niña conditions (Fig. 16e) , it reaches the coasts of South America during El Niño conditions (Fig. 16d) . These results are also consistent with the findings of Dewitte et al. (2008) and Mosquera-Vasquez et al. (2014) .
These results regarding the sensitivity of the WWEinduced response to the ENSO phase are more difficult to compare with Vecchi and Harrison (2000) . Our modelling approach allows diagnosing the ocean response to WWEs as a difference between experiments with a WWE minus one without. This is obviously not possible in observations, for which Vecchi and Harrison (2000) compare SST changes in presence and absence of WWEs for different phases of El Niño. They find that WWEs occurring during regular conditions drive a significant warming over the central and eastern Pacific, while WWEs occurring during El Niño do not drive an equatorial warming but rather maintain the warm waters warm. In our anomalous framework, "maintaining warm water warm" results in a warm anomaly, relative to a run without WWEs where the SST cools. In addition, applying the same compositing methodology as in Vecchi and Harrison (2000) to our BLK simulation (their Fig. 4 ) indeed results in a very similar response to that described by Vecchi and Harrison (2000) (not shown). There is hence no contradiction between Vecchi and Harrison (2000) and our results, which are just presented in a different way (anomaly framework) in our study.
Our results demonstrate that the amplitude of the SST response to a WWE strongly depends on the pre-existing oceanic conditions, and exhibit a range of variations between 0 and 1.5 °C in all considered regions. The amplitude of the warming is however not clearly related to largescale properties nor modulated by ENSO near the warm pool eastern edge, nor in the eastern Pacific. The amplitude of the cooling is better related to ENSO (more specifically to the Niño4 index) for the western Pacific cooling, but the diversity in the surface heat flux perturbations associated with WWE noted above may blur this relation. The practical implication for ENSO prediction is however not obvious, given the short prediction lead-time of WWEs. The modulation of the WWE SST response by the mean oceanic conditions near the WPEE may even act to limit predictability. Indeed this modulation depends both on the WWE position relative to the WPEE and on the zonal SST gradient at the WPEE, neither of them related to ENSO nor likely predictable at lead-times longer than a few weeks. The lack of clear improvement of ENSO prediction skill since the 2000s (Barnston and Tippett 2012) may hence tell us we could have reached limits of ENSO predictability as provided by large-scale precursors in the Pacific ocean.
